Percutaneous coronary intervention is associated with mechanical endovascular injury and endothelial denudation. Re-endothelialization is essential for restoration of normal vascular homeostasis and regulation of neointimal hyperplasia. The endothelial progenitor cell recently emerged as an important component of the response to vascular injury, having the potential to accelerate vascular repair through rapid re-endothelialization. There remains considerable uncertainty over the precise identity and function of endothelial progenitor cells, and harnessing their therapeutic potential remains a challenge. A better understanding of the role of circulating progenitors in the response to vascular injury is necessary if we are to develop effective strategies to enhance vascular repair after percutaneous coronary intervention. In this review, we examine the preclinical and clinical evidence of a role for bone marrow-derived putative endothelial progenitor cells after iatrogenic vascular injury associated with balloon angioplasty and stent deployment. Therapies designed to mobilize endothelial progenitors or to increase their ability to home to the site of stent implantation may have a role in the future management of patients undergoing percutaneous coronary intervention. (J Am Coll Cardiol 2010;55:1553-65)
Although percutaneous coronary intervention (PCI) improves myocardial perfusion and clinical outcomes in patients with ischemic heart disease, the treated coronary artery segment inevitably undergoes significant mechanical trauma. Endothelial denudation and endovascular laceration by rigid stent struts and high-pressure balloon inflations disturb vascular function and initiate an intensive local inflammatory response. Vascular injury may result in neointimal hyperplasia, in-stent restenosis (ISR), and the potentially catastrophic complication of acute stent thrombosis. Reendothelialization, a necessary component of restoring vascular homeostasis, was previously thought to occur purely through the migration and proliferation of mature endothelial cells adjacent to regions of endothelial denudation (1) . However, attention has recently focused on a novel mechanism of vascular repair involving a bone marrow-derived precursor or stem cell: the endothelial progenitor cell (EPC). It has been proposed that EPCs are mobilized in response to vascular injury and can home to sites of endothelial denudation (2) and facilitate re-endothelialization (3) . The discovery of the EPC has launched a new field of cardiovascular research, changed our understanding of vascular repair mechanisms, and offers exciting and novel approaches to manage cardiovascular disease and the complications associated with modern revascularization strategies.
PCI and Vascular Injury
Adverse cardiac events after PCI continue to be problematic despite advances in stent design and adjunctive pharmacotherapy. The incidence of angiographic restenosis after PCI is approximately 11% and has been reported to be as high as 29% in higher risk populations using bare-metal stents (4) . Stent thrombosis, although a relatively rare complication of PCI, can still occur in as many as 2% of cases and has potentially devastating and fatal consequences (5) . These complications arise, in part, as sequelae of the vascular trauma that occurs during PCI as a result of the necessary high-pressure balloon inflations and forceful apposition of comparatively rigid stent struts against the vessel wall that leave the treated segment of vessel denuded of its endothelium with a consequent disruption of normal vascular function. Stent struts may cause laceration of the internal elastic lamina that may extend through the tunica media to the external elastic lamina (6) . Vessel injury causes activation and aggregation of platelets and thrombus formation, which may lead to acute or subacute stent occlusion (7) . Vascular injury triggers both local (6) and systemic (8) inflammation with a typical cellular response of a rapid influx of neutrophils followed by the migration of monocytes and macrophages into the vessel wall. Cytokine and growth factor release stimulates the migration and prolifer-ation of intimal smooth muscle cells and fibroblasts, and the recruitment of adventitial myofibroblasts, encouraging neointimal hyperplasia and ISR (9) .
The process of stent integration into the vessel wall has been elegantly characterized using scanning electron microscopy (10) . During the first 6 weeks, a thin multilayered thrombus is present between the vascular lumen and arterial wall, and an increasing concentration of smooth muscle cells and extracellular matrix can be detected as time progresses. Six to 12 weeks from stent implantation, the thrombus resolves and endothelial cells begin to cover the stented segment. Complete reendothelialization takes place approximately 3 months after stent implantation, at which time the number of smooth muscle cells begins to decrease. The endothelium is not only integral to normal endogenous fibrinolysis and vasomotor function, but also provides a protective barrier for smooth muscle cells against circulating growth factors and secretes a number of inhibitory factors that prevent smooth muscle cell proliferation. Rapid re-endothelialization is therefore of critical importance to restore normal vascular function, reduce vascular inflammation, and prevent adverse remodeling after PCI (11) . It is now clear that bone marrowderived cells are an important component of the cellular response to vascular injury with the potential to enhance re-endothelialization after coronary intervention.
EPCs
Bone marrow-derived cells with the capacity to differentiate into mature cell types exist within the adult circulation. This concept has been confirmed primarily through studies of bone marrow transplant recipients in whom appropriately differentiated cells of donor origin integrate into host structures, such as the heart and lung (12, 13) . Contrary to the traditional paradigm of re-endothelialization, it is now clear that this same principle applies to vascular endothelial cells. The term EPC was first used by Asahara et al. (2) in 1997 and has subsequently been applied interchangeably to a variety of cell populations by different investigators. Considerable ambiguity regarding the optimal definition of an EPC continues to cause problems in the field. Broadly speaking, 2 approaches to identify EPCs have predominated: 1) identifying cells bearing surface markers that indicate both cellular naïveté and endothelial origin; and 2) inferring the presence of endothelial precursors within a given cell population by the identification of cells bearing mature endothelial characteristics after a period of culture under angiogenic conditions. Surface markers. A detailed discussion of the controversies surrounding EPCs and their definition is outside the scope of this review. EPCs were originally defined by the expression of CD34 and kinase domain receptor (KDR), the extracellular domain of vascular endothelial growth factor receptor-2, as these cell surface markers were thought to indicate cellular naïveté and a vascular phenotype, respectively (Table 1) (2) . Just as endothelial function is integral to the maintenance of normal vascular homeostasis, EPC regulation seems to be similarly important. Concentrations of circulating CD34
ϩ KDR ϩ cells are decreased in patients with traditional cardiovascular risk factors including cigarette smoking, elevated low-density lipoprotein cholesterol (14) , diabetes mellitus (15) , and hypertension (16) . Indeed, there seems to be a cumulative effect of multiple cardiovascular risk factors on concentrations of CD34 ϩ KDR ϩ cells (14) , with levels markedly decreased in patients with overt atherosclerotic disease of the coronary and peripheral circulation (17) . A robust association has been demonstrated between a high circulating concentration of CD34 ϩ KDR ϩ cells and freedom from myocardial infarction, hospitalization, revascularization, and cardiovascular death in patients with coronary artery disease. Additionally, the predictive value of CD34 ϩ KDR ϩ cell concentration is independent of traditional cardiovascular risk factors (18, 19) . Both CD34 ϩ KDR ϩ cells (14) and CD133
ϩ KDR ϩ cells (20) decrease with advancing age, although, interestingly, when patients are matched for biological characteristics, in particular, angiographic severity of coronary disease, chronological age seems less important (21) . Finally, it seems that EPC biology is in part inherited, with apparently healthy offspring of patients with coronary artery disease having reduced levels of CD34 ϩ KDR ϩ cells compared with the offspring of healthy controls (22) .
Because CD34 and KDR are also expressed on circulating mature endothelial cells (23) , an additional marker of cellular naïveté, CD133, has been suggested as a means of ensuring the identity of an EPC. CD133 is a precursor of an endothelial cell-like phenotype and has been used either alone or in combination with CD34 and KDR as a definition for EPCs by numerous investigators (24 -26) . However, the rarity of these cells in the circulation makes them difficult to identify reliably and therefore a less practical candidate for therapeutic use. Furthermore, recent studies suggest that CD133 identifies a purely hematopoietic cell line and that these cells are in fact not capable of forming a true endothelial phenotype (27, 28) .
Cells expressing CD14, a receptor for endotoxin (29) , have a predominant monocytic phenotype and have been the subject of much interest in the EPC literature. CD14 ϩ cells are 10 times more abundant in the peripheral blood than CD34 ϩ cells, are highly plastic, and have the ability to adopt a variety of mature phenotypic and functional characteristics, including those of endothelial cells under the right environmental cues (30 -35 (Fig. 1) . The most common is the endothelial cell colony-forming unit (EC-CFU) assay popularized by Hill et al. (42) . EC-CFUs are generated from a nonadherent population of mononuclear cells cultured on fibronectin and exhibit endothelial cell-like characteristics such as expression of CD31, CD141, CD105, CD146, CD144, von Willebrand factor, Tie-2, KDR, CD34, and E-selectin and an ability to bind lectins and take up acetylated low-density lipoprotein (Table 1) . EC-CFUs were therefore thought to be endothelial cells formed from circulating progenitor cells. However, it is now recognized that many of the surface antigens used to define mature endothelial cells are nonspecific and are shared by circulating monocytes in peripheral blood (43) . EC-CFUs are in fact composed of monocytes and angiogenic lymphocytes (36, 44) and have little capacity to form perfusing vessels or incorporate directly into vascular structures (37) . EC-CFUs exhibit phagocytic activity and avidly secrete angiogenic factors, such as vascular endothelial growth factor (VEGF), stromal derived factor-1, matrix metalloproteinase-9, interleukin-8, hepatocyte-like growth factor, granulocyte colony-stimulating factor (G-CSF), and granulocyte-macrophage colony-stimulating factor. All these factors have been implicated in the mobilization of precursors from the bone marrow and the acceleration of angiogenesis (32, 44) . Nevertheless, EC-CFUs are reduced in patients with coronary artery disease (45) , diabetes mellitus (46) , and hypertension (47) . Increased EC-CFUs are associated with better vascular function (42) and are mobilized in response to cardiovascular stress, including discrete vascular injury caused by angioplasty (48 -51) . The EC-CFU assay therefore serves as a marker of cardiovascular health and possibly indicates an individual's capacity to exert a hematopoietic and angiogenic response to tissue injury, but it is not a direct measure of differentiating or proliferating EPCs. As such, EC-CFU is an inappropriate name for this population of cells, but given the lack of an alternative, we use this nomenclature in the interests of maintaining consistency with existing literature.
Interest has recently been drawn toward the late outgrowth EPC or endothelial colony-forming cell (ECFC) (Fig. 1) . ECFCs are derived from mononuclear cells but differ from EC-CFUs in that they arise from an adherent population cultured on type I collagen and appear after 2 to 3 weeks of culture. Although ECFCs share many phenotypic characteristics with EC-CFU (52), they do not express the hematopoietic marker CD45 or myeloid/macrophage (27) . Of the populations so far identified, the CD45 Ϫ
CD34
ϩ -derived ECFCs most accurately fulfills the criteria of an EPC. They conform to an endothelial phenotype and morphology, are derived from bone marrow (53) , have robust proliferative potential (54, 55) , and are capable of forming perfusing vessels in vivo (37) . ECFCs are mobilized within the first few hours after myocardial infarction (56, 57) and have been positively correlated with the severity of coronary artery disease in patients undergoing coronary angiography (58) . However, their pathophysiological relevance or therapeutic potential remains unclear.
ECFCs and CD45
Ϫ CD34 ϩ cells represent a potentially important but understudied component of endogenous vascular repair mechanisms.
It is interesting to note that despite an incomplete understanding of the fundamental basic science governing EPC biology, numerous clinical studies utilizing EPC populations as cell therapy have been conducted in the setting of acute myocardial infarction, chronic left ventricular dysfunction, and peripheral vascular disease (59) . Although frequently yielding encouraging results, autologous cell therapy has disappointingly, but perhaps unsurprisingly, failed to provide marked or sustained clinical benefit. A greater understanding of EPC biology is urgently required if we are to harness their therapeutic potential in the treatment of patients with cardiovascular disease.
EPCs and Iatrogenic Vascular Injury
The role of EPCs after the vascular injury resulting from balloon angioplasty and stenting has not been widely studied. Experimental models of arterial injury confirm that bone marrow-derived mononuclear cells home to areas of endothelial denudation, accelerate re-endothelialization, re- store endothelial function, and attenuate neointimal hyperplasia (Table 2 ) (60 -65). To date, there have been few clinical studies that have specifically addressed the role of putative EPC populations after angioplasty (Table 3) . Studies of EPCs in patients undergoing PCI have largely examined the behavior of EC-CFUs. Unfortunately, many of the studies were small and did not include a control group for comparison. Initially, EC-CFUs were measured in patients undergoing peripheral angioplasty by Bonello et al. (48) , who reported an increase in circulating mature endothelial cells immediately after angioplasty, with a 2-to 3-fold increase in EC-CFUs at 24 h. These findings were confirmed by Marboeuf et al. (49) , who added that mobilization of EC-CFUs correlated with plasma C-reactive protein concentrations. EC-CFUs are also mobilized after PCI in patients with acute coronary syndromes (51) . However, in the absence of a control group of patients managed conservatively, it is difficult to determine whether EC-CFUs were mobilized in response to myocardial infarction or discrete vascular injury during PCI.
In our own studies, the number of EC-CFUs were measured in 54 patients undergoing elective coronary angiography (8) . EC-CFUs were increased in patients who had follow-up intervention, but, importantly, were unchanged in those patients who underwent diagnostic angiography alone (8) . The finding of an increase in EC- 
CFUs within the first 24 h of angioplasty is consistent and suggests a role for these cells in the immediate response to vascular injury (8,48 -51) . Few studies have addressed whether EC-CFU mobilization influences the development of ISR and the need for target vessel revascularization. In a retrospective study, George et al. (66) demonstrated that in patients presenting with proliferative as opposed to focal ISR, EC-CFUs were reduced both in number and adhesive capacity, suggesting that a deficiency in circulating progenitors might predispose to aggressive neointimal hyperplasia. This study did not detect a difference in the number of EC-CFUs between patients with and without angiographic restenosis. However, 2 other groups later reported a decrease in ECCFUs in patients presenting with restenosis, and these decreased EC-CFUs had reduced proliferative and migratory capacity as well as increased senescence (67, 68) .
In addition to EC-CFUs, mobilization of ECFCs and CD45

Ϫ
CD34
ϩ has been detected within hours of acute myocardial infarction in small preclinical and clinical studies. One might speculate that PCI will exert a similar effect, although no studies have specifically examined ECFC or CD45 Ϫ
ϩ cells after PCI. The clinical outcome of patients with comparatively high or low ECFCs undergoing PCI is also unknown. Two small clinical studies demonstrated a decrease in CD34 ϩ KDR ϩ (CD45 ϩ/Ϫ ) EPCs within the first few hours after coronary angioplasty, although neither had control groups and interpretation is challenging (69, 70) . Although homing of circulating progenitors to sites of denuded endothelium is a possible explanation, it is more likely that this decrease is due to the normal diurnal variation of EPCs (71 ϩ CD117 ϩ , CD34 ϩ CD31 ϩ , and CXCR4 ϩ cells compared with healthy controls. After PCI, they observed an increase in those cells expressing CD133, CD117, CD34/CD31, CD34/CD117, and CXCR4 within 6 to 12 h (72). CXCR4 is thought to be integral to EPC homing and integration, and it is of interest to note that reduced levels of CXCR4 correlated with the incidence of angina at 1 year. Although underpowered to address clinical outcomes, this study suggests a role for CXCR4 in EPC homing and integration at the site of vascular injury after PCI. CD34 ϩ CD45 ϩ mobilization within the first 6 h after PCI has been reported, and, interestingly, the magnitude of CD34 ϩ
CD45
ϩ mobilization independently predicts subsequent ISR (73, 74) . It is challenging to interpret these findings in light of our understanding of the behavior of CD45 Ϫ
CD34
ϩ cells in vitro. It is possible that an exaggerated response by hematopoietic precursors (CD45 ϩ ) over endothelial precursors (CD45 Ϫ ) after PCI may favor a maladaptive response to vascular injury, therefore leading to restenosis. Further prospective studies are needed to determine the clinical relevance of these putative EPC populations in PCI-associated vascular injury. Hypothetical role of EPCs in vascular injury. We suggest that circulating EPCs play a critical role in the response to iatrogenic vascular injury from PCI (Fig. 2) . We hypothesize that EC-CFUs precursors, composed of angiogenic monocytes and lymphocytes, are mobilized early after vascular injury, home to sites of vascular injury, and avidly secrete angiogenic factors encouraging resident endothelial cell proliferation and migration. Over a period of weeks and months, bone marrowderived progenitors proliferate and contribute to effective reendothelialization and the restoration vascular homeostasis. A robust response by the bone marrow may lead to early homing of EC-CFU precursors to sites of vascular injury with subsequent recruitment and integration of EPCs to the endothelial monolayer, facilitating rapid recovery of normal endothelial function and vascular homeostasis. Alternatively, an inadequate EC-CFU/EPC response after PCI may result in delayed re-endothelialization and persistent inflammation, thereby potentiating smooth muscle hypertrophy and extracellular matrix deposition, leading to restenosis and symptoms of myocardial ischemia.
Prospective studies examining the relevance of EC-CFUs and ECFCs in angioplasty-related vascular injury and its complications, such as restenosis and stent thrombosis, are awaited.
Therapeutic Potential of EPCs in Vascular Injury
Current strategies to decrease the incidence of complications after PCI are based on suppressing cellular proliferation rather than enhancing vascular repair. Drug-eluting stents have dramatically reduced the incidence of early ISR, but local antiproliferative therapy may interfere with vascular healing and prevent formation of a functional endothelial layer (75) . Therapies designed to mobilize endothelial progenitors or to increase their ability to home to the site of stent implantation and facilitate vascular repair are attractive and have the potential to improve clinical outcomes after PCI. These approaches fall into 3 broad categories: pharmacological, cellular, and stent-based therapies. Pharmacological therapy. The mechanisms responsible for the mobilization of EPCs have been reviewed extensively elsewhere (76, 77) . EPC mobilization is thought to occur through activation of the phosphatidylinositol 3-kinase/Akt pathway by angiogenic factors that stimulate endothelial nitric oxide synthase (eNOS). Increased nitric oxide bioavailability leads to cleavage of intercellular adhesions between stem cells and stromal cells of the bone marrow by proteinases, such as elastase, cathepsin G, and matrix metalloproteinases, and mobilization of EPCs into the circulation (78) . Reduced nitric oxide bioavailability is evident in patients with cardiovascular risk factors and is integral to the development of atherosclerosis (79) . Disordered function of eNOS, such as that occurring in patients with diabetes mellitus, is thought to be in part responsible for impaired mobilization of EPCs in such conditions (80) . Bone marrow cells treated with an eNOS transcription enhancer to increase eNOS activity exhibit enhanced migratory and neovascularization capacity, and, when administered in a model of hind-limb ischemia, can improve organ function. Furthermore, this beneficial effect is reversed by the use of an eNOS inhibitor, strongly implicating nitric oxide in the process of vascular repair and neovascularization (81) . Detailed mechanistic data regarding EPC mobilization in the context of discrete vascular injury, however, are limited. There are numerous factors thought to induce EPC mobilization including VEGF, fibroblastic growth factor, growth hormone, insulin-like growth factor, angiopoietin, stromal cell-derived factor-1, erythropoietin, eostrogens, G-CSF, statins, angiotensin receptor blockers, and peroxisome proliferator-activated receptor antagonists. Several of these have been examined in the context of discrete vascular injury as potential therapeutic strategies for the mobilization of EPCs.
STATINS. Statins mobilize CD34
ϩ and KDR ϩ cells into the peripheral circulation (82) in a dose-dependent manner (83) . Statins also increase the formation of EC-CFU (84) and ECFC (85) colonies and can induce in vitro differentiation of CD14 ϩ and CD34 ϩ cells toward an endothelial phenotype (86) . This has prompted investigators to examine the effect of statins on EPCs in the context of acute vascular injury. Walter et al. (65) demonstrated an accelerated rate of re-endothelialization and a reduction in neointimal hyperplasia in rats treated with simvastatin after balloonmediated arterial injury; an effect associated with an increase in quantity and adhesive capacity of Ac-LDL ϩ Intracoronary stent placement forcefully pushes the obstructive plaque out of the way, but causes damage to the endothelium and underlying artery, exposing collagen and tissue factor, activating platelets and the coagulation cascade, which may result in acute or subacute stent thrombosis. In the absence of an intact endothelium, local platelet/platelet and platelet/leukocyte complexes form, and intense local inflammatory infiltrate ensues with detectable systemic inflammation. We hypothesize a biphasic response to vascular injury caused by percutaneous coronary intervention. (C) The early response consists of mobilization of the precursors of EC-CFUs involving angiogenic monocytes and lymphocytes. EC-CFU precursors home to the site of injury and avidly secrete angiogenic factors, encouraging resident endothelial cell proliferation and migration and the mobilization and homing of bone marrow-derived and local endothelial progenitors to the site of vascular injury. (D) Over a period of weeks and months, progenitor cells proliferate, contributing to effective re-endothelialization and the restoration vascular homeostasis. (E) An inadequate EC-CFU/EPC response after percutaneous coronary intervention may lead to delayed re-endothelialization and persistent inflammation, thus potentiating smooth muscle hypertrophy and extracellular matrix deposition, leading to restenosis and symptoms of myocardial ischemia. (F) However, a robust response by the bone marrow leads to rapid homing of EC-CFU precursors to sites of vascular injury with recruitment and integration of EPCs to the endothelial monolayer, facilitating rapid re-endothelialization and recovery of normal endothelial function and vascular homeostasis. CFU ϭ colony-forming unit; G-CSF ϭ granulocyte-colony stimulating factor; GM-CSF ϭ granulocyte-macrophage-colony stimulating factor; HGF ϭ hepatocyte-like growth factor; IL ϭ interleukin; MMP ϭ matrix metalloproteinase; VEGF ϭ vascular endothelial growth factor; VEGFR2 ϭ vascular endothelial growth factor receptor-2.
BS-1-lectin
paired re-endothelialization caused by sirolimus-coated stents; however, in contrast to the afore mentioned studies, this effect did not seem to be mediated through mobilization of bone marrow-derived progenitors but rather through enhancing proliferation of mature endothelial cells adjacent to the stented segment. On the basis of this small study, the investigators speculated that the beneficial effects of statins on EPCs were insufficient to counter the inhibitory effects of sirolimus. Enhanced mobilization and function of EPCs may in part explain the reduced rate of ISR after PCI that is observed in patients treated with statins (88). ϩ KDR ϩ cells and accelerated reendothelialization, but, in contrast to the study by Takamiya et al., very few bone marrow-derived EPCs contributed to re-endothelialization. The mechanism by which G-CSF reduces neointimal hyperplasia is therefore unclear. Yoshioka et al. speculated that G-CSF may increase proliferation and migration of adjacent endothelial cells either directly or through stimulation by attaching EPCs. It is possible that even a marginal increase in attaching EPCs might be enough to increase the secretion of angiogenic factors (92) (93) (94) .
Shi et al. (91) used G-CSF to accelerate endothelialization of Dacron grafts implanted in the aortas of dogs, but despite enhanced endothelialization, animals treated with G-CSF had considerably more neointimal formation than controls. Concordant with this preclinical study, intracoronary G-CSF administered to patients with myocardial infarction was associated with an increased incidence of ISR, despite improvements in left ventricular ejection fraction (95) . This effect may have been mediated through the nonspecific proinflammatory actions of G-CSF and the mobilization of smooth muscle progenitors from the bone marrow. The nonspecific nature of the effects of G-CSFs hampers its translation into a targeted therapy for vascular repair.
PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR AGONISTS.
Peroxisome proliferator-activated receptor agonists inhibit vascular smooth muscle proliferation and migration, improve endothelial function, and accelerate re-endothelialization. This can lead to an attenuation of neointimal formation in mice subjected to femoral angioplasty. Wang et al. (96) attributed this effect to the ability of roziglitazone to drive pleuripotent bone marrow-derived vascular progenitors toward an endothelial phenotype and away from a smooth muscle phenotype. Peroxisome proliferator-activated receptor agonists may therefore have a role to play in augmenting a maladaptive response to iatrogenic vascular injury, although concerns remain regarding the safety profile of these drugs in patients with ischemic heart disease (97).
ERYTHROPOIETIN. The effects of erythropoietin on the response to discrete vascular injury are similarly favorable in terms of re-endothelialization, possibly through eNOSdependent mobilization of Sca-1 ϩ KDR ϩ cells, enhanced proliferation of resident endothelial cells, and reduced apoptosis of the injured artery (98) . Erythropoietin has also been associated with an increased incidence of neointimal proliferation despite adequate re-endothelialization in animal studies, again possibly as a result of the nonspecific mobilization of smooth muscle progenitors (99) . Ongoing clinical trials of erythropoietin in patients with acute myocardial infarction, the REVEAL (Reduction of Infarct Expansion and Ventricular Remodeling With Erythropoietin After Large Myocardial Infarction) (100) and HEBE-III (A prospective, randomized, double blind, placebo controlled clinical study to examine the effects of a single bolus erythropoietin on left ventricular function in patients with an acute myocardial infarction) (101) trials, will address whether erythropoietin will have a favorable effect on vascular remodeling.
ESTROGEN.
Estrogens enhance vascular repair in models of arterial injury through eNOS-dependent mobilization and proliferation of bone marrow-derived EPCs (102) and reduced apoptotic signaling through the actions of caspase-8 (103) . Cellular therapy. Intravenous and intracoronary infusions of bone marrow-derived cells have been used in an attempt to accelerate vascular healing. Using animal models of endovascular injury, transfusion of mononuclear cells cultured in angiogenic medium to produce EPCs has successfully accelerated re-endothelialization and attenuated neointimal hyperplasia in several studies (62, 93, 104, 105) . Although effective, it is difficult to be certain whether the cells infused in these studies truly differentiated to become endothelial cells. It remains possible that the beneficial effects on the development of neointimal hyperplasia observed were mediated through a paracrine influence of angiogenic monocyte and lymphocyte populations contained in mononuclear preparations. The populations used were selected using fairly nonspecific characteristics, and it is certain that the cell preparations infused were heterogeneous in their composition. There have been no clinical studies using infused progenitor cells specifically to influence restenosis. Data regarding the transfusion of progenitor cells in human studies are derived from studies examin-1561 JACC Vol. 55, No. 15, 2010 Padfield et al. April 13, :1553 Endothelial Progenitor Cells and PCI ing the effect of mononuclear cell infusion on left ventricular dysfunction and myocardial ischemia (106) . The results of these studies have been largely disappointing in terms of providing a sustained clinical benefit, although they do suggest that intracoronary transfusion of mononuclear cells is feasible and safe (107) . Concerns that infusion of mononuclear cells may increase inflammatory signaling and smooth muscle proliferation are well founded theoretically, and there are some reports of an increased incidence of coronary events including restenosis and thrombosis after infusion of CD133 ϩ progenitor cells (108) . Stent-based therapy. Technological advances and the evolution of intracoronary stents provide a potential vehicle to deliver novel therapies directly to the site of vascular injury. Attempts to coat intracoronary stents with endothelial mitogens, such as VEGF, have not been encouraging in terms of re-endothelialization (109). However gene-eluting stents directly delivering naked plasmid DNA encoding for VEGF-2 can accelerate re-endothelialization and reduce lumen loss in animal models (110) .
The Genous Bio-engineered R stent (OrbusNeich, Hong Kong) is coated with monoclonal antibodies directed against CD34 and is designed to attract EPCs and therefore encourage re-endothelialization. Genous stents have already progressed to phase II and III clinical trials and have been deployed in Ͼ5,000 patients. Preliminary data from small registries reported major adverse cardiovascular event rates ranging from 7.9% to 13% (111) (112) (113) (114) . However, data from the e-HEALING registry on 4,996 patients suggest a favorable target lesion revascularization rate of 4.4% and a major adverse cardiovascular event rate of 7.7%, with a low incidence of subacute (0.5%) and late (0.3%) stent thrombosis (115) . Interestingly, the HEALING II registry reported that patients with normal CD34 ϩ KDR ϩ EPC titers had lower rates of ISR compared with those patients with reduced circulating EPCs (late luminal loss 0.53 Ϯ 0.06 mm vs. 1.01 Ϯ 0.07 mm). Furthermore, a subgroup of 30 patients in this nonrandomized study underwent serial evaluation using intravascular ultrasound, and regression of neointimal volume was observed in patients with higher concentrations of EPCs (112) .
The first randomized, controlled trial in a small cohort of patients with ST-segment elevation myocardial infarction was recently presented and demonstrated a trend toward increased restenosis with the Genous stent when compared with a standard chromium-cobalt stent (116) . Restenosis with CD34 capture stents may occur as a consequence of nonspecific binding with non-EPCs. CD34 is common to a number of progenitors including smooth muscle progenitor cells (117) . Circulating smooth muscle progenitor cells are poorly characterized, but are known to contribute to neointimal hyperplasia (118) with both CD34 and CD133 detected at increased levels in the neointima of restenotic lesions compared with de novo lesions (119) . The effect of indiscriminate binding of CD34 ϩ cells to intracoronary stents could theoretically result in an exaggerated restenotic effect due to proliferation of smooth muscle progenitors, particularly as individuals susceptible to ISR, such as patients with diabetes mellitus. TRIAS (Tri-stent Adjudication Study) is ongoing and will directly compare the safety and efficacy of the Genous stent with bare metal and drug-eluting stents. As our understanding of EPC biology improves, so too will our ability to use intracoronary stents to modulate the cellular response to vascular injury and directly enhance re-endothelialization after iatrogenic vascular injury through gene and drug delivery or progenitor cell capture.
Conclusions
Endothelial regeneration is a key component of an effective response to the vascular injury associated with PCI. Understanding the mechanisms involved in this process will provide the rationale for therapies that target the acceleration of vascular healing. Much progress has been made toward determining the variety of populations involved in the cellular response to vascular injury. Although it is clear that circulating progenitors contribute to vascular healing, it is also evident that their function is dependent on both the local microenvironment and a synergy between other populations mobilized in response to the vascular insult. For us to use EPCs as an effective treatment modality, further studies are required to elucidate not only the target cell type of interest, but also the involvement of the microenvironment on cellular behavior, the best mode of delivery or mobilization to the site of injury, and the need for adjunctive therapy to optimize EPC function.
